Abstract: In this paper, we demonstrate a linearly polarized 1180-nm passively modelocked Raman fiber laser using graphene-based saturable absorber (SA). The pump source is a linearly polarized ytterbium-doped fiber laser at 1120 nm. Stable nanosecond modelocked pulses with a repetition rate of 0.4 MHz are generated. The combination of Raman technology and the graphene-based ultrawide bandwidth SA offer a prospect of real wavelength-versatile mode-locked laser source. The mode-locked laser operating at 1180 nm is suitable for frequency doubling to yellow light after amplification.
Introduction
Graphene is a 2-D honeycomb lattice of carbon atoms that has outstanding electrical and optical properties [1] , [2] . Graphene is used as a saturable absorber (SA) for mode-locked lasers because of its ultrabroadband saturable absorption and ultrafast recovery time. Its ultrabroadband saturable absorption facilitates the mode locking of lasers at different wavelengths, which has been demonstrated at 1.5 m [3]- [6] and 1 m [7] with different gain media. However, these rare-earth-doped laser gain media have a limited operating wavelength range, and the advantage of the ultrabroadband saturable absorption is not fully utilized.
Raman fiber lasers have the same wavelength flexibility as graphene because Raman gain is available at arbitrary wavelengths across the transparency window of optical fibers (300 nm to 2300 nm for silica fiber) with the right pump source [8] . It was originally developed for telecommunications [9] and was later utilized for generating high-powered lasers at special wavelengths for specific applications [10] - [12] . The mode locking of Raman fiber lasers has been demonstrated with dissipative four-wave mixing [13] , nonlinear loop mirrors [14] , nonlinear polarization evolution (NPE) [15] , semiconductor SA mirror (SESAM) [16] , and nanotubes [17] .
In this paper, we demonstrate a mode-locked Raman fiber laser with graphene as SA, which combines the shared advantages of graphene and stimulated Raman scattering in spectral versatility. The laser is pumped with a linearly polarized Yb-doped fiber laser at 1120 nm and operates at 1180 nm with a repetition rate of 0.4 MHz, a typical pulse duration of 200 ns, and a maximum pulse energy of 165 nJ. The laser source is suitable for frequency doubling to yellow light after amplification, which has wide applications in metrology, remote sensing, and medicine. Efficient amplification can be achieved with a Raman fiber amplifier [12] , [18] .
Recently, Castellani et al. [19] reported graphene mode-locked Raman fiber laser at 1.5 m. In their work, the laser usually operated at higher harmonics of the cavity repetition rate, which made the pulse energy very low ($10 nJ). The results in this paper are significantly different, with the mode locking consistently at the fundamental repetition rate. In addition, our laser setup features all-polarization maintaining (PM), which not only facilitates the generation of an environmentally stable linearly polarized output but also excludes the contribution of NPE in pulse forming.
Preparation of the Graphene SA
We followed the procedure used in [20] and [21] in preparing the graphene dispersions. The experimental and theoretical analyses reveal that the surface energies of the selected solvents, namely, N, N-dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), N, N-dimethylacetamide (DMA), and -butyrolactone (GBL), match very well with that of graphite ($ 70 mJ m À2 to 80 mJ m À2 ), resulting in a minimal energy cost for overcoming the van der Waals forces between graphene sheets, hence the effective exfoliation into single or a few layers of graphene [22] . Graphite from Sigma-Aldrich was used. The dispersions of graphene were prepared in DMF at an initial concentration of 5.0 mg/mL. In general, the initial dispersions were produced by sonication for 24 h using a low-power ultrasonic bath (200 W). The dispersions were then left to stand at room temperature for 24 h. All dispersions were subsequently centrifuged at 1500 r/min for 90 min to remove any large aggregates. High-quality dispersions were obtained by collecting the top part of the centrifuged samples. The dispersions were stable against sedimentation and displayed no further aggregation for a period of weeks.
The state of the dispersed graphene was observed using transmission electron microscopy (TEM). The TEM samples were prepared by dropping a few milliliters of dispersion onto copper holey carbon grids. Fig. 1 (a) and (b) shows typical bright-field TEM images of the graphene flakes, which imply the presence of a monolayer and few-layer graphene in the dispersions.
The graphene was transferred onto the end face of a fiber pigtail via optically driven deposition [23] . The optical source is a single-mode laser diode at 976 nm. Fig. 1(c) shows the image of the fiber end face after 10-min optical deposition under an optical power of 30 mW, where the welldistributed graphene is deposited onto the fiber core. If the output power is increased to 60 mW and the deposition time is shortened to 5 min, a clear ring-structured spread of graphene is observed around the fiber core, as shown in Fig. 1(d) , which is unsuitable for SAs. The SAs used in the experiments are optically deposited for 10 min under an optical power of 30 mW [shown in Fig. 1(c) ]. The complete SA unit is produced by joining the graphene-deposited fiber pigtail and a clean fiber pigtail with a mating sleeve.
The nonlinear optical absorption of the graphene-based SA was investigated with a mode-locked fiber laser at 1053 nm as a probe laser. Fig. 2(a) shows the measured transmission as a function of the launched fluence. The saturable and nonsaturable losses were 24% and 33%, respectively. The saturation fluence was determined to be about 1300 J/cm 2 , where the saturable loss reduced by 37%. The high saturable loss indicates that multiple single or few-layer graphene flakes were present on the light path. This is not surprising because the fiber end is likely to be stacked up with many graphene flakes during optical deposition, which can be seen in Fig. 1(c) . The relatively high nonsaturable loss is due to the decreased coupling efficiency between the fiber pigtails because of the light scattering by the thick graphene flakes on the fiber end.
Experimental Setup of the Mode-Locked Raman Fiber Laser
The experimental setup of the Raman fiber laser is shown in Fig. 2(b) . Five hundred meters of PM single-mode fiber (PM980) is used as the Raman gain medium, which has an estimated Raman gain coefficient of 1.8 W À1 km À1 at 1120 nm. The net cavity dispersion value is 8.13 ps 2 . The fiber laser is backward pumped by a linearly polarized 10-W Yb-doped 1120-nm fiber laser with a polarization extinction ratio (PER) of 20 dB through a PM 1120/1180-nm wavelength division multiplexer (WDM). Two 1120/1180-nm WDMs are attached at the other end of the gain fiber as residual pump extractors to prevent possible damage to the optical components. An optical isolator is inserted into the cavity to ensure unidirectional light propagation. The graphene SA is integrated after the isolator, followed by a 7% output fiber coupler. To eliminate environmental sensitivity and the possibility of mode locking by NPE, which is often associated with a non-PM fiber laser, an all-PM configuration is constructed. Consequently, we can make sure that the graphene SA is responsible for initiating and sustaining the pulsed operation. 
Laser Results and Discussions
Self-starting mode-locked operation was obtained when the pump power increased to above the threshold from 4.3 W to 7.4 W without any preceding Q-switching state, which is very different from rare-earth-doped mode-locked fiber laser. Further increase of the pump power caused the modelocked operation to cease. However, the mode-locked operation recovered when we decreased the pump power. The essentially different startup process is determined by the ultrafast gain dynamics in Raman fiber laser (fs) and the slow gain relaxation dynamics in rare-earth-doped medium (100 s to 10 ms) [15] , [16] . The slow gain relaxation dynamics of rare-earth-doped medium favors efficient energy storage in the laser cavity, which usually facilitates the Q-switching instability. By contrast, in mode-locked Raman fiber laser, forming macro Q-switched pulses that cover multiple roundtrip times is not possible. Therefore, the mode-locked pulse train develops directly from continuouswave noise radiation. In graphene or nanotube mode-locked fiber lasers, the often-observed damage of SA is due to giant Q-switched pulses; hence, the different startup process in modelocked Raman fiber laser is rather advantageous. We observed short lifetime of the graphene SA in our Yb fiber laser experiments, and similar state could be found in [24] , whereas the graphene SA in the mode-locked Raman fiber laser experiments remained in good condition throughout the experiments for weeks. Fig. 3(a) shows the output power of the laser versus the pump power. The maximum output power was 60 mW, with a PER of 12 dB, which is limited by the PER of the output fiber coupler (13 dB). The optical efficiency is low because of the high intracavity loss and the low Raman gain at a pump power of several watts. The output spectrum of the Raman fiber laser, measured at a pump power of 5 W, is shown in Fig. 3(b) . The peak wavelength is at 1180 nm, and the spectral bandwidth (FWHM) was 0.9 nm, measured by an optical spectral analyzer with a resolution of 0.02 nm. Fig. 3(c) shows the Raman mode-locking pulse trains with a repetition rate of 0.4 MHz, which matches the optical length of the cavity. The pulse duration is typically as long as 200 ns, and the pulse duration is almost constant with the change of output power. Fig. 3(d) shows a radio frequency (RF) spectrum measured around the fundamental repetition rate. A 56-dB peak-to-background ratio was observed, which indicates good mode-locking stability and low pulse timing jitter.
The broad pulses in Raman fiber laser can be viewed as the counterpart of Q-switched pulses in rare-earth-doped fiber laser, although the pulsewidth with respect to the cavity roundtrip time is very different. In Raman fiber laser, the only energy Bstorage[ mechanism is light propagation through the fiber cavity; therefore, the BQ-switched[ pulses have a width that is shorter than one roundtrip time and a repetition rate that is equal to c=nL, where c is the light speed, and nL is total cavity optical length. The long pulse generation can be reproduced with a rate equation model, which will be presented in a future dedicated publication.
It is interesting to note that, occasionally, the 200-ns-long pulses has a sharp peak with a duration of resolution-limited 700 ps on the top, as shown in Fig. 4(a) . However, these type of pulses are not stable and does not persist for long time. Similar phenomenon had been observed in mode-locked Raman fiber lasers with semiconductor SA and NPE [15] , [16] . Since the laser cavity is formed with normal dispersion components, the short pulse on top of the long pulse is possibly the result of dissipative soliton mode locking [25] , [26] . The necessary spectral filtering is provided by the three 1120/1180-nm WDMs and one output coupler, which collectively have a bandwidth of $10 nm. However, the typical spectrum with sharp edges for dissipative soliton mode locking was not observed because the laser power of the short pulses was only a small fraction of the power of the long pulses.
In our experiments, the laser always works at the fundamental repetition rate, which is very different from the observation in reference [19] , wherein the laser usually operates at the higher harmonics of the cavity repetition rate. This difference with reference [19] is caused by the use of a single few-layer graphene film as SA in their work, which has very weak absorption. Harmonic mode locking is likely to occur if the SA has weak absorption. However, in this paper, the modulation depth was as high as 24%. The high modulation depth of the graphene SA plays a key role in suppressing the noise pulse and achieving single-pulse mode locking.
The formation of the long pulse train is interesting in physics. However, pure short pulses are usually more interesting in practice. Our next step is to reduce and eventually remove the long pulse component, which will require further investigation of the pulse formation mechanism and the necessary fine tuning of the Raman fiber laser setup. In the current experiments, the laser operated in a normal dispersion regime. The recent development in all-normal-dispersion mode locking [26] provides some potential solutions to achieving stable and ultrashort pulse mode-locked Raman fiber lasers, in which spectral filtering [27] is particularly interesting because it can be applied simultaneously to demonstrate the tunability of Raman fiber lasers. 
Summary
In summary, we report the use of graphene for mode-locking Raman fiber laser, which combines the shared advantage of graphene and stimulated Raman scattering in spectral versatility. The laser is pumped with an Yb fiber laser at 1120 nm and operated at 1180 nm with a repetition rate of 0.4 MHz and pulsewidth typically 200 ns long. Pulses with an unstable sharp spike on the top with a duration of resolution-limited 700 ps is also observed. The combination of Raman gain and the graphene-based ultrabroadband SA provides a potential solution for obtaining ultrafast laser at virtually any wavelength of interest. Our next step is to further investigate the forming mechanism of both the short and long pulses, and then improve the laser performance by removing the long pulses.
